The unsaturated σ,π-cyclooctenyl iridium (III) pincer compound [Ir(κ 3 -hqca)(1-κ-4,5-η- 
Introduction
Pincer ligands capable of coordinating to the metal center in a meridional tridentate configuration are ubiquitous in recent organometallic chemistry. 1 In spite of the apparent simplicity of the ligand framework, pincer ligands are valuable structural motifs for the design of transition metal complexes for selective stoichiometric and catalytic transformations. 2 In fact, pincer complexes were found to efficiently catalyze a variety of reactions including hydrogenation, 3 dehydrogenation based on C-H bond activation processes, 4 coupling reactions, 5 and related processes. 6 In general, the tridentate coordination mode, that results in the formation of two five-membered chelate rings, confers metal complexes an outstanding thermal stability which allows them to operate even under harsh conditions. 4, 7 Pincer ligands having O-donor fragments have been much less studied than those bearing C, N, P or S donor-based functionalities. 8 In this context, the ability of OCO and ONO trianionic pincer ligands for supporting high-oxidation-state metal complexes with vacant coordination sites, which have been recently exploited for a range of catalytic transformations, is remarkable.
9,10
On the other hand, the development of selective metal-mediated C-H bond functionalization processes is still a challenge because of its potentially large applicability to organic synthesis. 11 Low-valent iridium complexes have been reported to show good activity for C-H activation and functionalization processes. 12 Recently, O-based dianionic pincer ligands have attracted considerable attention regarding to the iridium-mediated activation of C-H bonds. 13 The robustness and stability of the ligand framework, with strongly electron donating hard oxygen donor atoms, can provide more facile access to the relatively high oxidation state of the metal centre thereby promoting the C-H bond oxidative addition under mild conditions. 14 We have reported the synthesis of iridium(III) pyridinedicarboxylate pincer complexes (Chart 1, i) which exhibited a notable catalytic activity in borylation of aromatic Nguyen, Pérez-Torrente, Jiménez, Modrego, Gómez-Bautista, Lahoz and Oro, manuscript for Organometallics 4 compounds involving C-H bond activation under thermal conditions. 15 These complexes were straightforwardly prepared from several pyridine-2,6-dicarboxylic acids and standard dinuclear iridium(I) [Ir(µ-OR)(cod)] 2 (R = Me, H) complexes. The application of this synthetic methodology to other dicarboxylic acids precursors for dianionic tridentate pincer ONO complexes has so far shown a narrow scope. However, the reactivity studies on some iminodiacetic acids derivatives, RN(CH 2 COOH) 2 (R = Me, Ph), has allowed us to identify the acidity (pK a ) and the rigidity of the potential tridentate ligand precursor as the key factors leading to the preparation of iridium(III) complexes. 16 In order to test whether this synthetic method could be applied to the direct synthesis of related dianionic tridentate pincer ONO iridium(III) complexes, we have explored the reactivity of 8-hydroxyquinoline-2-carboxylic acid. 17 This asymmetrical flat ONO pincer ligand precursor is more rigid than the symmetric pyridinedicarboxylato due to the presence of the quinolinol moiety (Chart 1, ii). Taking as a reference the acid dissociation constants of 8-hydroxyquinoline (pK a = 9.89) 18 and quinoline-2-carboxylic acid (pK a = 1.45), 19 also becames evident that 8-hydroxyquinoline-2-carboxylic acid is less acidic than 2,6-pyridinedicarboxylic acid (pK a = 2.10 and 4.38). 20 We report herein on the synthesis and reactivity of unsaturated iridium(III) complexes supported by the asymmetrical dianionic ONO pincer-type ligand 8-oxidoquinoline-2-carboxylato. In addition, the study of an unusual solvent-dependent dimerization reaction and their application in the catalytic C-H borylation of arenes is also reported. Nguyen, Pérez-Torrente, Jiménez, Modrego, Gómez-Bautista, Lahoz and Oro, manuscript for Organometallics
Results and Disscusion
Synthesis and reactivity of [Ir(κ 3 -hqca)(1-κ-4,5-η-C 8 H 13 )]. Reaction of 8-hydroxyquinoline-2-carboxylic acid (H 2 hqca) with 0.5 molar equiv. of the dinuclear iridium methoxy-bridged [Ir(µ-OMe)(cod)] 2 complex, in a CH 2 Cl 2 /MeOH solution at room temperature, gave a dark red solution of complex [Ir(κ 3 -hqca) (1-κ-4 ,5-η-C 8 H 13 )] (1), which was isolated in 88% yield as a red microcrystalline solid after chromatographic purification.
Compound 1 is barely soluble in most organic solvents, including dichloromethane or methanol, although it has an acceptable solubility in a 5:1 mixture of both solvents. The compound has been fully characterized by NMR spectroscopy and by a single-crystal X-ray diffraction study of the methanol solvate, 1-MeOH, that confirmed the presence of the pincer 8-oxidoquinoline-2-carboxylato ligand, and a σ,π-cyclooctenyl ligand coordinated in a 1-κ-4,5-η fashion ( Figure 1 ). The coordination geometry around the iridium(III) center is distorted octahedral, in which the rigid doubly deprotonated flat ONO-tridentate ligand occupies a meridional position with the double bond of the σ,π-cyclooctenyl ligand trans to the quinoline nitrogen, and a methanol molecule is linked trans to the alkylic Ir-C bond.
Major distortions from the octahedral environment arise from the chelating units within the tridentate hqca group (mean O-Ir-N 78.75(8)º) and, in a minor extension, from the chelating nature of the σ,π-bonded cyclooctenyl ligand (C(11)-Ir-M 78.12(14)º, see Figure 1 ). The olefin exhibits a slightly twisted conformation refered to the hqca plane (dihedral angle hqca vs. Ir-olefin plane, 45.3(2)º).
The whole molecule resembles quite well the analogous complex [Ir(κ 3 -pydc)(1-κ-4,5-η-C 8 H 13 )(MeOH)] containing the 2,6-pyridinedicarboxylate as tridentate pincer ligand. 15 As observed in the pyrydinedicarboxylate analogue, the Ir-O(1) and Ir-O(3) bond distances in 1, 2.090(2) and 2.092(2) Å, respectively, are remarkably shorter than the Ir-O(4) bond distance of the coordinated methanol ligand, 2.275(3), which reflects the high structural trans Nguyen, Pérez-Torrente, Jiménez, Modrego, Gómez-Bautista, Lahoz and Oro, manuscript for Organometallics 6 influence of the alkylic Ir-C bond. The apparent greater rigidity of the quinoline derivative compared to that of the pydc analogue has no effect on the relative disposition of both trans oxygens, giving rise to identical O(1)-Ir-O(3) bond angles in both complexes, 157.31(11) vs.
157.05(10)º in 1. Although two isomers derived from the relative disposition of the pincer ligand with respect to the σ,π-cyclooctenyl ligand could be expected (1a and 1b, Figure 2 ), NMR spectroscopic data and the structure determination confirmed the exclusive formation of the isomer 1a. 
A feasible mechanism for the stereoselective formation of 1a is shown in Scheme 1.
Taking into account that, in general, carboxylic acids are more acidic than phenol derivatives, it is reasonable to propose the selective protonation of the methoxido bridges in [Ir(µ- supports the hydrido/insertion mechanism depicted in Scheme 1, as the migratory insertion proceeds with cis stereochemistry.
Scheme 2. Reaction pathways leading to an isomer mixture of [Ir(κ 3 -hqca)(1-κ-4,5-η-C 8 H 13 )]
(1) (L = MeOH).
The two parallel reaction pathways outlined in Scheme 2 provided a rational explanation for the formation of the isomer mixture of 1 starting from the lithium 8-oxidoquinoline- The DFT geometry-optimized structure of the mononuclear complex [IrH(κ 3 -hqca)(coe)]
(3) is shown in Figure 3a were very similar, range of 5. / r H (3-THF), of 1.15 deviates somehow from the ratio of 1.20 determined experimentally.
However, much better agreement was attained when this value is compared with the radius ratio r H ([3] 2 ) / r H (3) of 1.23. Thus, even considering the experimental uncertainty these data point to a very weak interaction of THF with 3.
Scheme 3. Dinuclear assemblies observed in the dimerization of the square-pyramidal chiral
The successfull interpretation of 1 H NMR spectrum in C 6 D 6 requires considering the stereochemistry of the potential dinuclear assemblies. The mononuclear complex 3 is chiral and exists as two enantioners, SPY-5-54-C and SPY-5-54-A, being possible the existence of several stereoisomers. Dinuclear entities with both cis and trans relative disposition of the tridentate ligands could be assembled depending on the chirality of the mononuclear components. Nevertheless, molecular models have shown that the trans assemblies are strongly favored from the steric point of view as the repulsion between the cyclooctene ligands is avoided. Taking the above into consideration four stereoisomeric assemblies could be expected (Scheme 3). 27 The assembly involving both carboxylate or phenolate moieties (Table 1) .
However, this solvato species could not be isolated as such in the solid state, which suggests the presence of dinuclear species also in solid 3. Some support for this hypothesis comes from the study of the IR spectra (ATR) of the complexes that show strong vibrations around 1675-1550 and 1450 cm -1 corresponding to the asymmetric and symmetric stretching modes of the carboxylate group, respectively. 28 In particular, the asymmetric stretching mode of higher energy, in the 1675-1637 cm -1 range for the complexes reported herein, was observed at an unusual low frequency of 1615 cm -1 in the ATR spectrum of 3. 29 In contrast, this absorption was observed at 1683 cm -1 in THF solution. for the formation of species 3-L from the unsaturated complex 3 were calculated. As can be observed in Table 2 , the formation 3-py (compound 4) is strongly thermodynamically favored but the formation of 3-THF is slightly unfavorable. Interestingly, this later result further support the interpretation of DOSY experiments, in particular, the better adjustment of the calculated radius ratio to the experimentally determined value when using r H (3) instead of r H (3-THF) (see above). between the ortho pyridine protons and the =CH coe protons. Thus, the hydrido and pyridine ligands in 4 are mutually trans disposed thereby confirming that the py ligand occupies the vacant position in 3 (Scheme 4). In fact, a high-field shift of the hydrido resonance was seen in the 1 H NMR spectrum upon coordination of the pyridine ligand, which was observed at -26.48 ppm (Table 1 ). In addition, the Ir-H stretching frequency in the IR spectrum was observed at 2211 cm -1 , shifted to lower energies compared to 3.
Compound 4 was readily converted into the bromo derivative [IrBr(κ 3 -hqca)(coe)(py)] (5) in dichloromethane at room temperature by using N-bromosuccinimide as hydride acceptor.
Compound 5 was isolated as an orange solid in moderate yield and has been fully characterized by NMR spectroscopy and FAB mass spectrum. In particular, the cross peaks . In sharp contrast, the bromo derivative 5 is inert and was recovered unaltered after refluxing for 2 hours in neat pyridine. The pyridine derivatives 6 and 7 were isolated as orange-red solids in yields of over 90%
and fully characterized by NMR spectroscopy. The 1 H NMR spectra of the complexes showed the presence of two no equivalent pyridine ligands and the expected high-field resonance for the hydrido ligand at -23.31 (6) and -26.06 (7) ppm. The different pyridine ii) migratory insertion of coe ligand into the Ir-H bond, and iii) fast coordination of pyridine at the resulting vacant site.
Catalytic borylation of arenes. The iridium-catalyzed borylation of arene C-H bonds is
one of the most practically useful methods for C-H functionalization. 12 Recently, some pincer iridium(III) and salicylaldiminate iridium(I) complexes with catalytic activity in C-H borylation of arenes have been reported. 36,37 Interestingly, the 8-oxidoquinoline-2-carboxylato iridium(III) pincer complexes efficiently catalyzed the arene C-H borylation under thermal conditions.
The catalytic activity of complexes 1-5 in the borylation of arenes using HBpin as borylating reagent was evaluated ( Table 2 ). The reactions were carried out in net arene using a catalyst loading of 5.0 mol% in the 60-90 0 C temperature range. The σ,π-cyclooctenyl Reaction of monosubstituted arenes Ph-R (R = OMe, CF 3 ) with HBpin under the standard catalytic conditions afforded a mixture of borylated products. The borylation of trifluromethyl-benzene with 4 as catalyst precursor gave the meta and para disubstituted products in 88% with a meta/para ratio of 2.3 (entry 9). This isomer ratio is slightly over the statistical ratio of 2.0 and lower than the observed with other iridium catalysts, such as the Ir/bipyridine system. 38 The lack of the ortho isomer could be ascribed to the steric effect introduced by the bulky substituent. The borylation of anisole provided an isomer mixture with a 6% of the ortho product, probably due to the directing effect of the methoxy group, and a meta/para ratio of 2.8 (entry 10). In general, the bis-pyridine complex [IrH(κ 3 -hqca)(2-Mepy) 2 ] (7) is less active than 4. Thus, the borylation of anisole catalyzed by 7 (entry 11) gave a 59% conversion with similar regioselectivity.
Nguyen, Pérez-Torrente, Jiménez, Modrego, Gómez-Bautista, Lahoz and Oro, manuscript for Organometallics In contrast, the dimerization of the σ,π-cyclooctenyl complex was not observed probably due to the steric interference of the bulky cyclooctenyl ligands. These complexes efficiently catalyzed the arene C-H borylation under thermal conditions being the octahedral pyridine adducts more active than the corresponding unsaturated complexes. Most probably, the catalytic reaction mechanism involve the participation of a unsaturated mono-boryl iridium(III) species.
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Experimental Section
Synthesis. All experiments were carried out under an atmosphere of argon using Schlenk 39.27, 33.74, 27.15, 27.06, 24.28 (>CH 2 80.91, 80.69 (=CH, coe), 29.66, 29.54, 26.42, 26.36, 24.70, 24.67 (>CH 2 , coe), (n = 1 4.42; N, 4.92. Found: C, 48.33; H, 4.38; N, 4.79 [IrH(κ 3 -hqca)(py) 2 ] (6). A re-sealable Schlenk tube equipped a Teflon screw valve was charged with [IrH(κ 3 -hqca)(coe)] (3) (0.490 g, 1.00 mmol), pyridine (3 mL) and THF (50 mL). The mixture was heated at 75 ºC for 12 h to give a dark red solution. After removal of volatiles, the resulting red solid was dissolved in the minimum amount of CH 2 Cl 2 (6 mL).
Then, n-pentane (25 mL) was slowly added and the resulting mixture kept at low temperature 
44
Theoretical Calculations. The computational studies were carried out using the Gaussian09 package. 45 Molecular structures were optimized using the lanl2dz effective core potential for iridium along the lanl2dz basis set augmented with an f type polarization function. 46 For the rest of atoms the built-in 6-31G** basis set was used. The minima found were confirmed by frequencies analysis. The natural charges on the hydride ligands were calculated with the NBO 5.0 program. 35 The structures of the optimized molecules were depicted with the CyLview program. 47 Molecular volume calculations were carried out by a series of fifteen Monte-Carlo integrated volume calculations with the Volume keyword and tight option in Gaussian-09, which takes the molecular volume inside a contour of density 0.001 electrons/Bohr 3 . The reported radii were those recommended by Gaussian to be used as cavity radius in solvent calculations. These radii are 0.5 Å larger than the radius corresponding to the calculated volume above, in order to allow for the solvent-excluded volume. 
